Abstract. Quantitative model-based drug development (MBDD) has been recognized as a concept to improve the efficiency of drug development. The acceptance of MBDD from regulatory agencies, industry, and academia has been growing, yet today's drug development practice is still distinctly distant from MBDD. This manuscript is aimed at clarifying the concept of MBDD and proposing practical approaches for implementing MBDD in the pharmaceutical industry. The following concepts are defined and distinguished: PK-PD modeling, exposure-response modeling, pharmacometrics, quantitative pharmacology, and MBDD. MBDD is viewed as a paradigm and a mindset in which models constitute the instruments and aims of drug development efforts. MBDD covers the whole spectrum of the drug development process instead of being limited to a certain type of modeling technique or application area. The implementation of MBDD requires pharmaceutical companies to foster innovation and make changes at three levels: (1) to establish mindsets that are willing to get acquainted with MBDD, (2) to align processes that are adaptive to the requirements of MBDD, and (3) to create a closely collaborating organization in which all members play a role in MBDD. Pharmaceutical companies that are able to embrace the changes MBDD poses will likely be able to improve their success rate in drug development, and the beneficiaries will ultimately be the patients in need.
INTRODUCTION
It is widely acknowledged that the drug development process currently employed by the pharmaceutical industry is ailing. This is illustrated by two apparent paradoxes: (1) despite an approximately eightfold increase in inflationadjusted expenditures for research and development over the last 35 years, the number of yearly approvals for new molecular entities in the US has been stagnant (1); (2) while disciplines such as systems biology, genomics, chemistry, and biotechnology have made tremendous progress over the past few decades, the attrition rate for chemical entities in drug development remains high, with 40-50% of development programs being discontinued even in clinical Phase III (2, 3) . The problems leading to this inefficiency of the drug development process have drawn the attention of many different parties and stakeholders, and efforts have been brought forward to diagnose and remediate them (2) (3) (4) (5) . The Critical Path Initiative led by the US Food and Drug Administration is one of these efforts, which proposes the utilization of model-based approaches to improve drug development knowledge management and decision making (6) .
The concept of quantitative model-based drug development (MBDD) originated some time ago as the application of quantitative assessments of drug disposition and drug action evolved (7) (8) (9) (10) (11) (12) (13) and was landmarked by the "learn-confirm paradigm" proposed by Lewis Sheiner in 1997 (14) . The acceptance of MBDD has been growing over the last decade: Various consortiums and working groups have been formed (e.g., American Association of Pharmaceutical Scientists (AAPS) Quantitative Pharmacology (QX) Task Force), conferences and workshops are being held (e.g., American Conference on Pharmacometrics, NIH/NIGMS Quantitative and Systems Pharmacology Workshop, symposia by AAPS and the American College of Clinical Pharmacology), training programs have been established (15) , and companies are actively hiring scientists that have modeling skills (15) . Yet, there is still a considerable gap between today's drug development practices and MBDD for a multitude of reasons. The purpose of this article is twofold: first, we would like to clarify the concept of MBDD and distinguish it from other related concepts, techniques, and disciplines; second, we would like to dissect the challenges in implementing MBDD in the pharmaceutical industry and propose approaches to alleviate if not to overcome them. These two objectives seem to be apart from each other: the first one focuses on general concepts, while the second one deals with practical implementation. In the following paragraphs, however, we will show how the two objectives are interrelated and why they are both important.
QUANTITATIVE MODEL-BASED DRUG DEVELOPMENT: GETTING THE DEFINITION STRAIGHT
To promote a more widespread acceptance of MBDD, it is important to have an agreed-upon set of standard definitions for the terms that are often associated with MBDD, as inconsistencies in the definition and usage of these terms not only confuse the stakeholders and, thus, hinder the progress of MBDD but also hamper the presentation in communications with outside groups. In the following, we present our understanding of "pharmacokinetic (PK)-pharmacodynamic (PD) modeling," "exposure-response modeling," "pharmacometrics," "quantitative pharmacology," and "MBDD," with the full awareness that there will be disagreement with these descriptions. Our intention is to call for consensus on the definitions of these terms rather than promoting our understanding as the standard. Different opinions on the definitions of these terms give evidence for the need for standardization. We welcome discussion and debate on this topic. The following definitions have not necessarily originated from us, but they reflect our point of view:
Modeling
Modeling in the context of drug development and MBDD is the use of mathematical means to describe the aspects of a system and/or a process, thereby focusing on the factors believed to be important. The complexity of a model is determined by its intended use. A given model involves a variety of abstract structures and may take many forms or their combinations, such as stochastic models, dynamical systems, statistical models, and differential equations. Although inexplicit, the models in "PK-PD modeling," "exposure-response modeling," or "pharmacometrics" refer usually to subjectmatter-specific and assumption-rich modeling. This is in contrast to the more general statistical modeling that is less dependent on subject area and assumption and is frequently used for hypothesis testing.
The difference between these two types of modeling is illustrated in the following example: To demonstrate that drug exposure is proportional with respect to doses across a given range, PK modeling could be performed showing that a linear compartmental PK model adequately describes the drug concentration-time profiles for all tested doses within the range. Alternatively, statistical modeling could be done to show that the slope of the log-log linear regression of maximal concentration and dose using a power model is not different from one (16) . The two approaches require different assumptions, inputs, analysis methods, and interpretation.
Pharmacokinetic-Pharmacodynamic Modeling
PK-PD modeling is the mathematical approach that links the change in drug concentration over time (PK) to the relationship between the concentration at the effect site and the intensity of the observed response (PD). The resulting integrated PK-PD models allow a description of the complete time course of the effect intensity in response to a given dosing regimen (17) .
Exposure-Response Modeling
Exposure-response modeling is a similar approach as PK-PD modeling. The two terms have been used interchangeably to a large degree. "Exposure" can be the drug concentration vs. time profile or a summary metric such as area under the plasma concentration-time curve, average steady-state concentration, or the maximum concentration after application of a discrete dose. "Response" can be any type of response, such as a pharmacological marker, a physiologic parameter, an index of efficacy, or a measure of safety (18) . As pharmacodynamic responses often refer to biomarker responses in clinical settings, the expression "Exposure-response modeling" has lately been favored over "PK-PD modeling." Both expressions, however, point to the application of a modeling approach. PK-PD modeling and exposure-response modeling have previously been applied successfully throughout the drug development process, but largely in isolated settings (Fig. 1a) (8, (10) (11) (12) .
Pharmacometrics
Pharmacometrics is the scientific discipline that uses mathematical models based on biology, pharmacology, physiology, and disease for quantifying the interactions between drugs and patients. In their recent publication, Barrett and colleagues (15) emphasized the bridging character across disciplines and the Bayesian nature of pharmacometrics. Data Fig. 1 . Quantitative Model-Based Drug Development (MBDD). A Application of modeling and simulation during various preclinical and clinical phases in traditional drug development. Listed are potential applications for PK-PD concepts as well as the frequently applied two consecutive learn-confirm cycles. Model-based data analysis and simulation is usually performed in discrete isolated events throughout the development process. From (11) . B MBDD as a cornerstone of the drug development process. MBDD is a new paradigm and mindset that embraces all aspects of drug development from drug discovery to post-marketing. By facilitating the rigorous development of a scientific knowledgebase though continuous integration of knowledge generated along the development path, it provides a data-driven model framework that serves as a key decision-making tool enabling rationale, scientifically based choices at critical decision points. The top half of Panel B represents a reservoir for the interdisciplinary knowledgebase required by MBDD. Sources of information in the top half of Panel B typically are not specific to the compound under development and are publicly available. Single arrows indicate the typically unidirectional flow of information. In contrast, information generated from the bottom half of Panel B is compound-specific, is integrated into the knowledgebase, and the knowledgebase guides how it is further being utilized to generate additional compound-specific knowledge. The double arrows indicate this bidirectional information flow b and information from various sources are bridged together and quantitatively related to each other. The construction, refinement, and subsequent use of simulations to probe the features of the developed model are inherently Bayesian.
Models in pharmacometrics can be differentiated by their area of application, for example "Exposure-response models," "disease models," "trial execution model," or any combination of these. The modeling techniques in constructing these models and obtaining parameter distributions can be differentiated by their underlying methodology, such as "nonlinear-mixed effect modeling," "logistic regression," or "Monte Carlo simulation." Although commonly seen in the literature, we suggest avoiding the use of "the pharmacometrics of drug X" as this term is nonspecific and perhaps illogic.
Pharmacometrics, unlike PK or PD, is not a property of a drug and does not refer to a certain technique.
Quantitative Pharmacology
Quantitative pharmacology is a multidisciplinary approach in drug development that emphasizes the integration of the relationships between diseases, drug characteristics, and individual variability across studies and development phases for rational and scientifically based decision making (19, 20) . It is a move away from the traditional study centric approach to a continuous quantitative integration of data across studies and development phases. By facilitating the rigorous development of a scientific knowledgebase for the drug candidate under consideration, quantitative pharmacology is intended to serve as a key decision-making tool that ultimately allows for a more efficient drug development process through informed go-no-go decisions and optimized resource allocation.
Quantitative Model-Based Drug Development
MBDD is a paradigm and a mindset which promotes the use of modeling to delineate the path and focus of drug development. Models in MBDD serve as both the instruments and the aims of drug development (21) . These models use available data, information, and knowledge to their maximum to improve the efficiency of the drug development process. In turn, a well-designed and implemented MBDD strategy enhances the quality of these models. Thus, these two components form an iterative cycle and provide interrelated inputs to each other.
The common features of models in MBDD are their quantitative nature, their purpose, and the way they serve in drug development rather than the type of model, estimation technique, or area of application. In MBDD, modeling is applied to a variety of aspects of drug development, such as drug design (22, 23) , target screening, formulation choices (24) , in vitro and in vivo testing (25) , exposure-biomarker response (26) , disease progression (27) , healthcare outcome (28), patient behavior (29) , and socio-economic impact (30) . Knowledge in these areas is formally summarized and reflected in these models and carried over to the next development step (Fig. 1b) .
It is self-evident that the above-outlined techniques, concepts, and disciplines are interrelated. Exposure-response modeling (or PK-PD modeling) is a key application of pharmacometrics. Quantitative pharmacology is an approach that builds on pharmacometrics and emphasizes data integration and quantitative decision making. MBDD asks for a formalized summary of all available information and its full utilization in drug development. The scope and complexity of each approach, from exposure-response modeling, pharmacometrics, and quantitative pharmacology to MBDD follows an increasing order, with each approach embracing the preceding ones.
The literature provides several excellent reviews on the topic of MBDD (19, 31, 32) . Of them, Lalonde and colleagues (31) defined the key components of MBDD and provided excellent case studies for its application. These reviews are important illustrations of MBDD. With full respect, however, we feel the scope they touched upon is largely limited to pharmacometrics, the discipline that focuses on quantitative drug-disease-patient relationships. In our view, MBDD covers the whole arena of drug development and, thus, many more aspects beyond those addressed by pharmacometrics.
As there are numerous examples in the literature that describe the methodology and application of pharmacometrics and quantitative pharmacology and how data and information could be transformed into knowledge useful for decision making, we will, in the following, focus on a strategic question: if we agree that MBDD is the right direction for drug development, why are we not there yet?
ALIGNING INDUSTRY INFRASTRUCTURE WITH QUANTITATIVE MODEL-BASED DRUG DEVELOPMENT
It has been more than a decade since the "learn-confirm paradigm" was introduced (14) ; yet, a majority of today's pharmaceutical industry still develops drugs at a "modelaided" level, in which models are used to support labeling and confirm decisions. While this is a progress from empirical decision making, it is still distinctly distant from MBDD. The key difference between the "model-aided" drug development and MBDD (19, 31, 32) is that the former uses modeling and simulation as a tool sporadically, while MBDD utilizes models as the cornerstone of the development process (Fig. 1b) . Table I contrasts "model-aided" drug development to MBDD. The gap between these two approaches is not totally unexpected and cannot be attributed to the unawareness of MBDD alone. Challenges in the transition from "modelaided" to MBDD have been recognized (21, 33, 34) . We will further analyze these challenges and propose changes to alleviate if not to overcome them.
Traditional vs. Quantitative Model-Based Drug Development
The hurdles in applying MBDD more widely are rooted in the sequential stages in which drugs have traditionally been developed. The planning, analysis, and interpretation of each stage is based on individual experiments and utilizes only limited prior knowledge gained from previous stages, other drug candidates, competitors, and experimental systems. The development pace focuses on moving the candidate to the next milestone as soon as possible and down the sequence as far as possible. Such an approach is often pursued as a performance criterion in measuring the success of a study as well as individual contributors. As a natural consequence, anything that is unconventional and requires adaptation is not welcome, as it "delays" the development timeline.
In MBDD, models are the quantitative summarization of the data, prior knowledge, and assumptions. Experiments or studies are designed to best inform and/or confirm the model. Study results are expressed in function format and parameter estimates (21) . Thus, the decision makers are presented with a probability of achieving a certain goal generated from modeling and simulation, rather than a P value. Dose selections and go-no-go decisions are made based on quantitative risk or benefit assessments.
Given the differences between the design, execution, analysis, and interpretation in traditional drug development and MBDD, it is obvious that changes must be made to enable the paradigm shift from the former to the latter. It has been said that change is the result of having a desired outcome, a strategy, a tactic, and commitment (35). For pharmaceutical companies, the desired outcome for the changes is undoubtedly to provide effective treatments for unmet medical needs in an efficient manner and to meet this goal rapidly and costeffectively. The strategy, tactic, and commitment for achieving this outcome lie within the necessary changes in mindset, process, and organization (Table II) .
Strategy: Mindset Change
Hand waving from individuals in certain functional areas is not enough to adopt MBDD as a drug development paradigm. The support for this approach must come from a broader base. Based on their individual mindset, the people who hesitate to adopt MBDD usually belong to one of the following three categories:
1. People who are unfamiliar and, therefore, are uncomfortable with quantitative data summaries and decision making. These individuals usually did not receive substantial exposure to modeling principles during their training and work. They encountered scientific concepts mostly in qualitative format as usually presented in biomedical textbooks, and their training in biostatistics is mostly limited to frequentist statistics with no equivalent emphasis on Bayesian statistics. For this kind of mindset, proper education, training, and increased exposure to the principles and application of (Bayesian) modeling would be helpful. For example, the analysis objective mode can be defined as "learning" or "confirming," each of which has a different tolerance level on assumptions and risks. 3. People that are content to describe data but are reluctant to interpret data. These individuals are convinced that it is easier to defend a description than an interpretation should there be a controversial opinion or the projection is proven to be wrong. As modeling itself is an interpretation of collected data and applying modeling results for decision making requires further interpretation of the model and its implications, these individuals are averse towards any application of MBDD. For this kind of mindset, a corporate culture that has leveled accountability and encourages scientists to take responsibilities would be useful. Key decision makers need to realize that MBDD, like any other development strategy, can fail in isolated instances, thereby avoiding putting blame on the shoulders of individual contributors.
Within the pharmaceutical company, the project leaders and decision makers need to invest time and resources at the personal level to get acquainted with the principles of MBDD. Instead of viewing MBDD as a subject related only to modeling scientists, the project leaders and decision makers must regard themselves as active players in adapting MBDD. They need to understand the value of implementing MBDD as an "investment in knowledge" and be comfortable with probability-based decision making (31) . Progress in candidate development will be viewed as a compromise between speeding up the development timeline and maximizing the information gain at each development step. Only then can MBDD truly impact the drug development process. And only then are these stakeholders likely willing to accommodate the complexity in strategy and logistics associated with its implementation.
Modelers, the people who conduct model development and application, need to extend their attention and responsibility beyond the technical aspects of modeling. Instead of portraying themselves as service providers and act passively, modelers need to be actively engaged. They need to identify the stage-appropriate opportunities where models can contribute and need to communicate the model interpretation and implications to all stakeholders. A thorough understanding of the drug development process and good communication skills are critical in gaining acceptance of modeling from other functional areas and delivering results pertinent to the development needs.
Tactic: Process Change
Equipped with an open mindset, the drug development process needs to be aligned with MBDD. At the portfolio level, pharmaceutical companies need to establish their own collective proprietary databases to enable reuse of and learning from data accumulated throughout the development process, from past experiences, from comparators, and from knowledge around the experimental system (structure-activity relationships, disease mechanisms, target population characteristics, etc.). Rather than adhering to fixed designs and processes, project teams need to tailor a candidate's development path, design scheme, and study conduct to its own characteristics. At the experiment or study level, studies shall, in addition to their primary objectives, maximize the information yield and address additional compound development needs. In order to minimize the time and logistic resources, data collection needs to be standardized to enable cross-study and cross-compound data mining. This entails that the analysis framework needs to be set up prior to analysis, that the use of advanced technical tools should be promoted, and that data cleaning, dataset construction, results formatting, and reporting should be automated. Furthermore, data and knowledge gained from each study need to be deposited and integrated into collective databases to maximize knowledge retention.
Commitment: Organization Change
Organizational changes come naturally as the drug development process changes. Project leaders, modelers, statisticians, and experimentalists each carry different roles and must work collaboratively (31) . Project leaders shall get comfortable with quantitatively defining clinical effects and decision criteria. Modelers need to make model assumptions and limitations explicit and transparent, develop models that are fit for their purpose, and calibrate models against dataderived statistics of interest. Statisticians need to embrace assumption-rich models, differentiate learning studies from hypothesis-testing in confirmatory studies, and strive to develop statistical methodology that allows applying innovative experimental designs and decision analysis. Experimentalists who generate data are required to understand the objectives of the modeling exercise and provide pertinent information and assumptions. Organizations that foster collaboration among these individuals, set clearly defined roles and expectations, and encourage innovations are better prepared for MBDD.
As the fields of application for modeling vary greatly, people who perform modeling tasks reside in different functional groups, for instance, a protein design group in drug discovery, a formulation group in process development, and a healthcare outcome group in marketing. The knowledge each group has may not always be applicable to the others, but a network that connects these groups under the theme of MBDD can be useful (e.g., cross-functional M&S discussion forums, modeling working subteams linked to project teams). This network could be a unique opportunity to promote and brand MBDD. It is our experience that these groups can often learn from each other for improving modeling techniques and promoting MBDD. For example, we have seen collaborations between Clinical Pharmacology and Marketing through such interactions, which would have otherwise taken a much longer time to happen if at all.
Currently, there is a shortage of people with quantitative skill sets required by MBDD. Externally, companies need to partner with academia, governmental agencies, and professional organizations to provide more training opportunities. However, like any applied science, learning on the job may always remain a great portion of the learning path for individuals applying MBDD (15) . Internally, exchanging and propagating expertise within a company is essential. Thus, companies should strive to provide a platform and mentoring opportunities to develop their employees with regard to MBDD and grow an in-house talent base.
Change inevitably brings conflicts. As pharmaceutical companies go through the changes in mindset, process, and organization for MBDD, it will be helpful to learn from other industry sectors' experience. One of the notable examples is the aerospace industry, which in the late 1960s embraced the widespread application of numerical simulation techniques in engineering new aircrafts (36) . Numerous books in business also offer guidance on embracing changes within an organization (37, 38) . Although it is outside the scope of this work, we encourage scientists to leverage the lessons from other sectors to better serve MBDD. As an example, the book "The Necessary Revolution" by Senge et al. (38) explains why rethinking our actions and expanding our boundaries help us to see underlying limits and new forces at play. This book discusses three key elements:
1. Rethink boundaries. Attempts to convince people that they are wrong and that they need to rethink boundaries will almost always be met with resistance. A more effective approach is to help people reflect on the assumptions that they are making. 2. See reality through others' eyes. The following five steps can open our eyes to a larger reality beyond the one we usually see: (a) Bring together a diverse group of people who, to the highest degree possible, represents the larger system you belong to (b) Identify the different facets of the system that you will explore (c) "Go there together"; travel with the entire team (d) Set aside ample time to reflect and talk together about what you experience (e) Pay careful attention to the intentions and commitments that arise from your reflection 3. Build shared commitment. Shared commitment arises through focusing first on engagement-connecting to what matters to us and the larger organization involved-and then on creating the opportunity for both focus and commitment to deepen naturally over time. Our ability to foster commitment will never be greater than our own commitment. The key in fostering shared commitment lies in connecting to what we care about and what the organization cares about and gradually knitting the two together.
The ultimate incentive for the implementation of MBDD in the drug development process are cost savings by accelerating the development process for a shortened timeto-market, by reducing the number and size of studies required to obtain regulatory approval, and/or by providing decision support to earlier terminate programs for compounds with low prospect of development and/or marketing success. Multiple case studies have been presented in the literature of instances in which pharmacometric approaches have substantially contributed throughout the drug development process (8, 10, 12, 13, 31, (39) (40) (41) , including drug approval (42) . These reports, however, are still limited compared to the level of application of model-based approaches in drug development according to our knowledge. Moreover, there have, so far, not been any published examples of cost-benefit analyses that compare drug development processes utilizing MBDD with more traditional approaches. As these data are crucial to support the perception that implementation of MBDD adds value to the drug development process and has a positive benefit vs. cost relationship, we strongly encourage our colleagues to share their experiences with the scientific community and publish examples of proven benefits of MBDD.
CONCLUSIONS
This manuscript aims to call for a set of consented definitions on concepts that are related to MBDD. In our view, PK-PD modeling and exposure-response modeling are applications of modeling. Pharmacometrics is the scientific discipline focused on quantifying the relationship between patient, drug, and disease. Quantitative pharmacology is a multidisciplinary approach that focuses on data integration and quantitative decision making. MBDD is a paradigm and a mindset in which models are taken as the instrument and aim of drug development. By this definition, MBDD covers the whole spectrum of the drug development process instead of being limited to a certain type of modeling technique or application area.
Having a consistent nomenclature is important for the modeling and simulation community and MBDD. The consistency will help to avoid the potential confusion, define the boundaries, establish the brand of MBDD, and facilitate its positioning in a company's corporate strategy. We anticipate and encourage different opinions on these definitions and are eagerly looking forward to a consensus definition for MBDD by the scientific community.
While MBDD may be perceived as hindering a uniform design, implementation, and interpretation of an experiment, a study, or a development program, uniformity in these aspects is often only desirable for convenience without any scientific justification (21) . The implementation of MBDD requires pharmaceutical companies to foster innovation and make changes at three levels: (1) to open mindsets that are willing to get acquainted with MBDD, (2) to align processes that are adaptive to the requirements of MBDD, and (3) to create a closely collaborating organization in which all members play a role in MBDD. Companies that are able to embrace the changes MBDD poses and requires will likely be able to improve their success rate in drug development, and the beneficiaries will ultimately be the patients in need.
